The reported effects of nitrogen (N) fertilizer on wheat yield and nitrogen use efficiency (NUE) vary greatly, due to differences in climate, soil factors, and N management practices in different regions of China. We collected literature published during 1950-2017 that reported the yield and NUE for wheat in China, under N application and control treatments, and analyzed the data therein. A significant increase in yield was observed with N application, and varied with climate, soil factors, and N management practices in different regions. A larger increase in yield was observed under an average annual temperature of 13-15 • C, an average annual precipitation of >800 mm, respectively. Greater yield-increasing effects were observed in soil with a coarse soil texture, lower soil total N, available N, and a soil pH of ≤7 and >8, respectively. In Northwest China, the yield increase was greater under multiple coated urea applications after anthesis, while the higher NUE was observed under single coated urea application before anthesis. In North China, the yield and NUE were greater under multiple coated urea applications before anthesis. In South China, the yield and NUE were greater under multiple N applications. Consequently, to improve wheat yield and NUE, site-specific N management practices should be adopted.
Introduction
Chinese farmers often apply nitrogen (N) fertilizer as an "insurance" against low yields, and this practice is successful in terms of maximizing yield [1] . Recently, many field experiments have been conducted to examine the effects of N fertilizers on wheat production in China; the reported effects of N fertilizer on wheat yield and nitrogen use efficiency (NUE) were found to vary greatly due to several factors. First, the optimum N fertilization rate was uncertain, due to differences in the production regions. To obtain the highest wheat yield in the parts of China with an arid climate and sandy soil, the 160 kg N ha −1 should be applied to spring wheat [2] . In comparison, the optimum N fertilization rates for rain-fed wheat in arid and semiarid regions were 45, 135, and 180 kg N ha −1 in dry, normal, and wet years, respectively [3] . The application of less than 160 kg N ha −1 maintained a relatively high grain yield for winter wheat in the dryland area of the Loess Plateau [4] . In North China, the winter wheat yield did not increase significantly at N rates above 200 kg N ha −1 [5] .
The yield and NUE results varied by N fertilizer type. A study showed no significant difference in wheat yield with the use of nitrate versus ammonium N [6] . The use of a new polymer-coated fertilizer to reduce N loss to the Danjiangkou Reservoir of China produced a higher wheat yield, resulting in a high NUE [7] . The grain, straw, and biomass yield with coated urea treatment were 9.09-15.06, 13.11-14.96, and 11.73-14.99% higher than those with standard urea, respectively [8] . Grain yields with irrigation plus NH 4 NO 3 application and irrigation plus NH 4 HCO 3 application were 148.0 and 163.6% higher, respectively, than that of a no-irrigation, no-fertilizer treatment [9] . A study showed an increase in crop yields, NUE, and profits with the use of mixtures of coated controlled-release and uncoated urea in a wheat-maize system [10] .
Results also differ by the number and time of N applications. For cereals, N fertilization is commonly applied three or four times during the growing season, although a study showed that a single N application in the period between tillering and stem elongation was enough to achieve a high yield and high quality of winter wheat, with no increased risk of nitrate leaching [11] . However, split application of N had a favorable effect on grain yield, particularly under conditions of severe water-logging and a high N rate [12] . With the same overall amount of N applied, three split applications improved the grain yield and enhanced NUE compared with two applications [13] .
However, based on these various results, it becomes evident that several factors (i.e., climate, soil factors, and management practices) likely varied greatly between studies. A previous analysis that examined the effects of N fertilization on wheat grain protein in Argentina concluded that foliar N fertilization after heading is more likely to increase the wheat grain protein content than early application of N [14] , while a global meta-analysis showed that the effectiveness of urease and nitrification inhibitors for increasing crop productivity and NUE was dependent on environmental and management factors [15] . A meta-analysis of the effect of N fertilization on annual cereal-legume intercrop production showed that N fertilization had a non-significant effect on the average land equivalent ratio and average yield ratio, although the inter-study variability of these effects was large [16] . Also, a meta-analysis showed that yield and nitrogen use efficiency were improved through alternative fertilization options for rice in China [17] .
The effects of N fertilizer on the yield of wheat have not been quantified in China across a range of agro-ecological conditions. Wheat studies were mainly located in northwest, north, and south China (Figure 1 ), and the optimal N management practices are not clear in the three regions. To solve these problems, we hypothesized that using multiple N applications and applying coated urea after anthesis would improve the yield and NUE of wheat in Northwest China, a region with limited rainfall and no irrigation; in north China, an area with irrigation, the optimal N management practices would involve multiple coated urea applications before anthesis; finally, the multiple coated urea applications before anthesis would be the best N management practice in south China, which is a region that experiences high rainfall during the wheat growth stage ( Figure 2 ).
As site-specific field experiments often show variability, a meta-analysis can be used to summarize the results of numerous independent experiments examining the effects of N fertilizer on wheat in China [18] . Therefore, the main objectives of this study were to (1) investigate how the yield of wheat is affected by N fertilizer use in China; (2) to determine how the effects vary by environmental and management factors; and (3) to clarify the optimal N management practices in Northwest, North, and South China, via a meta-analysis of published studies. 
Materials and Methods

Data Collection
Beginning in June 2017, we searched the China National Knowledge Infrastructure and Web of Science for articles published during 1950-2017 on the effects of N fertilizer on wheat yield in China, with the following keywords: (i) wheat, N fertilizer, yield, and field or (ii) wheat, N, yield, and field.
The articles included in the database met the following criteria: the studies were monoculture cereals of wheat (i.e., bread wheat; Triticum aestivum L.) sown under field conditions (excluding plot studies and greenhouse experiments) in China. A total of 5636 references were identified through 
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Data Collection
The articles included in the database met the following criteria: the studies were monoculture cereals of wheat (i.e., bread wheat; Triticum aestivum L.) sown under field conditions (excluding plot studies and greenhouse experiments) in China. A total of 5636 references were identified through Web of Science and China National Knowledge Infrastructure, but no additional records were identified through other sources (n > 5000). Thus, 680 references were screened based on article title. Of these references, 260 were excluded because they did not fit with the criteria used in the study. Then, 334 full-text articles were excluded from 420 references because they did not fit with the criteria used in the study, resulting in 86 references (Supplementary Information) used in the meta-analysis. The research in these articles was carried out in 13 provinces or municipalities (Xinjiang, Gansu, Shaanxi, Shanxi, Beijing, Tianjin, Hebei, Shandong, Henan, Anhui, Hubei, Jiangsu, and Sichuan) (Figure 1 ). The distribution of the study locations was generated using ArcGIS software (ver. 10.2; ESRI, Redlands, CA, USA).
Building the Datasets
In this study, the ratio of yield under N treatment to N application rate was defined as the NUE [19] . Data (yield, ear number, kernel number per ear, thousand-kernel weight, N application rate, and NUE) were generated from the text, tables, and figures of the published papers where control treatments (CK, only P 2 O 5 and K 2 O applied without N) could be compared to the paired N treatment in China. When the data were presented in the form of graphs, the numerical data were extracted from the figures through the DataThief III program [20] . When only yield and N application rate data were provided in articles without NUE data, the NUE was calculated with the formula NUE = yield under N treatment/N application rate [19] .
Data were grouped to maximize in-group homogenization. The studies evaluated were conducted in northwest, north, and south China (Figure 1 ). The annual average precipitation (AP) was divided into five classes: 0-500, 500-600, 600-700, 700-800, and >800 mm. The annual average air temperature (AT) was divided into four classes: ≤10 • C, 10-13 • C, 13-15 • C, and >15 • C. Soil texture was grouped into three basic classes (coarse, medium, and fine) in a soil layer with a depth of 0-20 cm, according to Daryanto et al. (2015) [21] . The soil total N contents were divided into four classes (0-0.5, 0.5-1.0, 1.0-1.5, and >1.5 g kg −1 ). The soil available N was divided into four classes (0-50, 50-100, 100-150, and >150 mg kg −1 ). The soil pH was categorized into three ranges: ≤7, 7-8, and >8. The irrigation pattern was categorized as rainfed or irrigated. The number of N applications was categorized as single or multiple times. The time of N application was categorized as no N after anthesis or N after anthesis. The N fertilizer types were categorized as common urea or coated urea.
Meta-Analysis
To characterize the response of wheat yield, ear number, kernel number per ear, and thousand-kernel weight to N fertilizer, a random-effects meta-analysis was used. We used the natural log of the response ratio (lnR) as a measure of effect size:
where X t and X c are the measured values of the response variable under N and CK, respectively [18] . Generally, not all of observations are weighted by the inverse of the variance, supposing that individuals with a lower variance should be weighted more highly. The sampling variance (e.g., the standard deviation) was not presented in some of the collected studies in our database, but the sample size was reported in all the studied articles. As a result, the lnR was weighted by sample size, i.e., W n = n c n t /(n c + n t )
where n c and n t are the sample sizes for the control and treatment groups, respectively [22] . The higher weighting is given to well-replicated studies with larger sample sizes under these conditions [22] .
To avoid assigning relatively high weights to those studies for multiple years, the weight of each effect size was divided by the number of years the data from the corresponding study [23] . The mean effect sizes were estimated as follows:
where lnR n is the effect size of the i comparison and W n .
The Stata software package (ver. 12.0; Stata Corp., College Station, TX, USA) was used to calculate mean effect sizes and generate bias-corrected 95% confidence intervals (CIs) for each mean effect size with a metan procedure. If the 95% bootstrap CIs values did not overlap with zero, a significant N fertilizer response was considered. Otherwise, N fertilizer was considered to have no significant impact on yield under those factors [18] . To simplify the interpretation, the effect size (ES, %) was expressed as the percentage change, which was estimated as follows:
A negative (or positive) percentage change indicated a decrease (or increase) in the response variable under N relative to CK.
Regression Analysis
The regression analysis was applied with Sigma Plot 12.5 (Systat Software Inc., San Jose, CA, USA) to test the relationships between the lnR of the yield and the AT, AP, total N, available N, soil pH in the 0-20-cm soil layer.
Results
Overview of the Wheat N Application Rate, Yields, and NUE
The variation among studies in wheat N application rate, yield, and NUE was large (Figure 3) , mainly because the studies were conducted in different regions, with different soils and N management practices. The wheat N rate ranged from 50 to 550 kg N ha −1 ( Figure 3A ). Yields ranged from 1000 to 11,000 kg ha −1 ( Figure 3B ), and the NUE ranged from 10 to 250 kg kg −1 ( Figure 3C ). The median and mean N rates in Northwest China (155.3 and 150.0kg N ha −1 ) were higher than in north (120.0 and 157.8 kg N ha −1 ) and South China (120.8 and 124.1 kg N ha −1 ) ( Figure 4A ). The median and mean yields in Northwest China (4905.8 and 4797.2 kg ha −1 ) were also lower than in North (6811.5 and 6790.0 kg ha −1 ) and South (6833.4 and 6710.1 kg ha −1 ) China ( Figure 4B ). The median and mean NUEs in northwest China were the lowest, with the highest values being in North China ( Figure 4C ). North China had relatively high median and mean N rates and yield, and showed a tendency toward a relatively high NUE. where lnRn is the effect size of the i comparison and Wn.
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Yield and NUE by Region and Climate
Nitrogen fertilizer significantly increased the wheat yield compared with the control treatment; the ES varied by region, average annual temperature, and average annual precipitation ( Figure 5 ). The percentage increase in yield in northwest China was 42.3%, while in north and south China it was 47.5 and 71.1%, respectively ( Figure 5A ). The increase in yield was higher under temperatures of 13-15 °C (69.6%) than under temperatures of ≤10 °C, 10-13 °C, and >15 °C (46.1%, 25.0%, and 60.6%, respectively) ( Figure 5B ). There was a 53.8% increase in yield under a precipitation amount of 0-500 mm, and N fertilizer significantly increased the yield by 45.7%, 51.6%, 12.4%, and 68.9% under precipitation amounts of 500-600, 600-700, 700-800, and >800 mm, respectively, compared with the control ( Figure 5C ). The wheat NUE varied with the average annual temperature and annual precipitation ( Figure 6 ). The median and mean NUEs under a temperature of ≤10 °C (25.5 and 26.2 kg kg −1 , respectively) were lower than those under a temperature of >10 °C (30.6-32.9 and 36.5-38.2 kg kg −1 ) ( Figure 6A ). The median and mean NUEs were lower under a precipitation amount of 0-500 mm (28.4 and 32.5 kg kg −1 , respectively) than under a precipitation amount of >500 mm (29.5-34.8 and 34.8-39.5 kg kg −1 , respectively) ( Figure 6B ). 
Nitrogen fertilizer significantly increased the wheat yield compared with the control treatment; the ES varied by region, average annual temperature, and average annual precipitation ( Figure 5 ). The percentage increase in yield in northwest China was 42.3%, while in north and south China it was 47.5 and 71.1%, respectively ( Figure 5A ). The increase in yield was higher under temperatures of 13-15 • C (69.6%) than under temperatures of ≤10 • C, 10-13 • C, and >15 • C (46.1%, 25.0%, and 60.6%, respectively) ( Figure 5B ). There was a 53.8% increase in yield under a precipitation amount of 0-500 mm, and N fertilizer significantly increased the yield by 45.7%, 51.6%, 12.4%, and 68.9% under precipitation amounts of 500-600, 600-700, 700-800, and >800 mm, respectively, compared with the control ( Figure 5C ). The wheat NUE varied with the average annual temperature and annual precipitation ( Figure 6 ). The median and mean NUEs under a temperature of ≤10 • C (25.5 and 26.2 kg kg −1 , respectively) were lower than those under a temperature of >10 • C (30.6-32.9 and 36.5-38.2 kg kg −1 ) ( Figure 6A ). The median and mean NUEs were lower under a precipitation amount of 0-500 mm (28.4 and 32.5 kg kg −1 , respectively) than under a precipitation amount of >500 mm (29.5-34.8 and 34.8-39.5 kg kg −1 , respectively) ( Figure 6B ). 
Impact of Soil Texture, Total N, Available N, and pH
The positive effects of N fertilizer on yield varied by soil texture, total N, available N, and pH ( Figure 7) . N fertilizer significantly increased the wheat yield by 16.8%, 44.4%, and 71.2.8% for fine, medium, and coarse soil textures, respectively, compared with the control ( Figure 7A) . A greater increase in yield was observed under 0-0.5 g kg −1 total N (68.8%), which was higher than under >0.5 g kg −1 (43.6-58.8%) ( Figure 7B ). There was a 55.8% increase in yield under 0-50 mg kg −1 available N, and N fertilizer significantly increased the yield by 58.8%, 12.1%, and 45.0% under 50-100, 100-150, and >150 mg kg −1 , respectively, compared with the control (Figure 7C ). A 13.2% increase in wheat yield was observed with a soil pH of 7-8, which was lower than that for pH ≤7 and pH >8 (47.6 and 51.6%, respectively) ( Figure 7D ). The wheat NUE varied with soil texture, total N, available N, and pH ( Figure 8 ). The median and mean NUEs were lowest with a fine soil texture (29.2 and 32.6 kg kg −1 , respectively), and highest with a coarse soil texture (32.9 and 37.0 kg kg −1 , respectively) ( Figure 8A ). The median and means NUE were lower under 0-0.5 g kg −1 total N (29.6 and 29.9 kg kg −1 , respectively) than under 0.5-1.0 g kg −1 (32.3 and 36.3 kg kg −1 , respectively), 1.0-1.5 g kg −1 (30.7 and 35.2 kg kg −1 , respectively), and >1.5 g kg −1 total N (36.4 and 45.6 kg kg −1 , respectively) ( Figure 8B ). The median and mean NUEs were the highest under 150-200 mg kg −1 available N, followed by 100-150, 50-100, 0-50, and >200 mg kg −1 available N ( Figure 8C ). The median and mean NUEs were higher under a soil pH of 7-8 than under soil pH levels of ≤7 and >8 ( Figure 8D ). The positive effects of N fertilizer on yield varied by soil texture, total N, available N, and pH ( Figure 7) . N fertilizer significantly increased the wheat yield by 16.8%, 44.4%, and 71.2.8% for fine, medium, and coarse soil textures, respectively, compared with the control (Figure 7A) . A greater increase in yield was observed under 0-0.5 g kg −1 total N (68.8%), which was higher than under >0.5 g kg −1 (43.6-58.8%) ( Figure 7B ). There was a 55.8% increase in yield under 0-50 mg kg −1 available N, and N fertilizer significantly increased the yield by 58.8%, 12.1%, and 45.0% under 50-100, 100-150, and >150 mg kg −1 , respectively, compared with the control (Figure 7C ). A 13.2% increase in wheat yield was observed with a soil pH of 7-8, which was lower than that for pH ≤7 and pH >8 (47.6 and 51.6%, respectively) ( Figure 7D ). The wheat NUE varied with soil texture, total N, available N, and pH ( Figure 8 ). The median and mean NUEs were lowest with a fine soil texture (29.2 and 32.6 kg kg −1 , respectively), and highest with a coarse soil texture (32.9 and 37.0 kg kg −1 , respectively) ( Figure 8A ). The median and means NUE were lower under 0-0.5 g kg −1 total N (29.6 and 29.9 kg kg −1 , respectively) than under 0.5-1.0 g kg −1 (32.3 and 36.3 kg kg −1 , respectively), 1.0-1.5 g kg −1 (30.7 and 35.2 kg kg −1 , respectively), and >1.5 g kg −1 total N (36.4 and 45.6 kg kg −1 , respectively) ( Figure 8B ). The median and mean NUEs were the highest under 150-200 mg kg −1 available N, followed by 100-150, 50-100, 0-50, and >200 mg kg −1 available N ( Figure 8C ). The median and mean NUEs were higher under a soil pH of 7-8 than under soil pH levels of ≤7 and >8 ( Figure 8D ).
Impact of N Management Practices
The response of yield to N fertilizer treatment differed according to whether there was one, or multiple N applications under rainfed and irrigated conditions in different regions ( Figure 9A ,B, Table 1 ). The increase in yield associated with a single N application was less than that associated with multiple N applications under rainfed conditions ( Figure 9A ), while the increase in yield was greater with a single N application than with multiple N applications under irrigated conditions ( Figure 9B ). The greater increase in yield under multiple N applications compared to a single N application was also detected in Northwest, North, and South China ( Table 1) . The single N application increased ear number in Northwest China, while the multiple N applications increased ear number in South China ( Table 1 ). The increase in yield associated with a single N application was less than that associated with multiple N applications in North China (Table 1) . The single and multiple N applications increased kernel number per ear in all three regions ( Table 1 ). The single and multiple N applications significantly decreased thousand-kernel weight in Northwest and South China, while they significantly increased thousand-kernel weight in north China (Table 1) . Averaged across all geographic locations, the yields were higher under N application after anthesis than under no N application after anthesis ( Figure 9C ). In Northwest China, the increase in yield was greater under N application after anthesis than under no N application after anthesis, whereas the increase in yield was greater under no N application after anthesis than under N application after anthesis in North China ( Table 1) . The no N application after anthesis increased yield, ear number, and kernel number per ear, but decreased thousand-kernel weight in northwest and South China ( Table 1) . The increase in ear number and kernel number per ear was greater under no N application after anthesis than under N application after anthesis, and the no N after anthesis increased thousand-kernel weight in North China (Table 1 ). 
The response of yield to N fertilizer treatment differed according to whether there was one, or multiple N applications under rainfed and irrigated conditions in different regions ( Figure 9AB , Table 1 ). The increase in yield associated with a single N application was less than that associated with multiple N applications under rainfed conditions ( Figure 9A ), while the increase in yield was greater with a single N application than with multiple N applications under irrigated conditions ( Figure 9B ). The greater increase in yield under multiple N applications compared to a single N application was also detected in Northwest, North, and South China ( Table 1) . The single N application increased ear number in Northwest China, while the multiple N applications increased ear number in South China ( Table 1 ). The increase in yield associated with a single N application was less than that associated with multiple N applications in North China ( Table 1 ). The single and multiple N applications increased kernel number per ear in all three regions ( Table 1 ). The single and multiple N applications significantly decreased thousand-kernel weight in Northwest and South China, while they significantly increased thousand-kernel weight in north China (Table 1 ). There was a 42.7%, 44.9%, and 45.2% increase in wheat yield using coated urea versus a 31.5%, 31.6%, and 38.6% increase using standard urea in averaged across all geographic locations, Northwest, and North China, respectively ( Figure 9D , Table 1 ). The increase in ear number was higher with common urea than coated urea, while the increase in kernel number per ear was lower with common urea than coated urea in North China ( Table 1 ). The common urea increased thousand-kernel weight ( Table 1) .
The wheat NUE varied with the number of N applications, the time of N application, and N fertilizer type in Northwest, North, and South China (Figures 10-13 ). The mean NUE was higher with multiple N applications than with a single N application under rainfed conditions ( Figure 10A ), the median and mean NUEs were higher with multiple N applications than with a single N application under irrigated conditions, averaged across all geographic locations ( Figure 10B ). The mean and median NUEs were higher with a single N application than with multiple N applications in Northwest China, while the mean and median NUEs were lower with a single N application than with multiple N applications in North China (Figure 11 ). The mean NUE was higher with a single N application than with multiple N applications in South China, while the median NUE was lower with a single N application than with multiple N applications in south China (Figure 11 ). Averaged across all geographic locations, non-application of N after anthesis resulted in higher median and mean NUE values compared with N application after anthesis ( Figure 10C) ; similar results were found in Northwest and North China (Figure 12 ). The median and mean NUEs were higher with coated urea application versus standard urea application when averaged across all geographic locations ( Figure 10D ), as well as in the northwest and north regions of China ( Figure 13 ). 
Discussion
Climate
Wheat N fertilizer is influenced by weather such as the temperature as well as the amount and frequency of rainfall during the growing season [24] . Wheat is one of the most sensitive crops to high temperature [25] . The upper optimum temperature limit for wheat during anthesis and grain-filling has been reported to be around 34 °C [26] , and temperature higher than this seriously reduces grain yield [27] because the rising temperature above 25-35 °C would shorten the grain-filling period and reduce wheat yield [28] . These results showed that yield-increasing effects were higher under the average annual temperature of >15 °C than <13 °C, and lower than 13-15 °C ( Figure 5B ). In addition, a positive and significant (p < 0.001) linear relation was detected between the lnR of yield and AT ( Figure 14A ). Rainfall is another important factor that regulates wheat growth. The sensitive growth stage of wheat to water stress is from elongation to booting, followed by anthesis and grain-filling [29] . The effect of N fertilizer on wheat yield varied with the variability of average annual precipitation in this meta-analysis ( Figure 5C ). The wheat yield variability was explained by rainfall amount during the period of flowering [30] . In addition, when wheat faces a shortage of water in China, the yield depends on both in-season rainfall and the amount of soil water stored in the soil before the growing season [31, 32] , and thus the yield fluctuated according to the rainfall. In addition, there was linear relationship between the lnR of yield and AP ( Figure 14B ). 
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Soil Factors
Soil texture, total N, available N, and pH, are key factors modulating the effect of N fertilizer on wheat yield. Soil texture is an important soil parameter that affects crop productivity, due to its significant influence on N mineralization [33] , soil organic matter storage [34] , crop N requirements [35] , and microbial biomass [36] . Our results showed that there was a greater increase in yield under conditions of coarse soil texture versus fine and medium soil textures ( Figure 7A) . A study also showed that N fertilization and soil textural group effects were significant on all measured parameters and their interaction was significant on grain protein content, thousand-kernel weight, test weight, and chlorophyll meter readings [24] . Soil N also influenced effects of N fertilizer on crop yield, and the lnR was found to decrease with the increase soil total N and available N ( Figure 15A,B) . The application of N fertilizer or the incorporation of legumes greatly improves the N economy of cereal cropping systems and enhances crop productivity in soils with a soil low N content [37] ; this is consistent with our results in Figure 7C . A study also showed that long-term N application at high rates increased soil total N and available N in the surface of soils with low soil N, resulting in a greater yield [38] . In addition, soil pH was an important factor affecting the increasing yield effects of N fertilizer. These results showed that the increase in wheat yield was lower under a soil pH of 7-8 than under soil pH levels of ≤7 and >8 ( Figure 7D ). The most likely mechanism by which soil pH regulated the effect of N fertilizer was by affecting NH3 volatilization [15] . Neutral to alkaline soils incur higher N losses through NH3 volatilization [39] , and thus decreases in yield. However, in alkaline soils, applying N fertilizer could offset N losses through NH3 volatilization, resulting in yield increases ( Figure 7D ). Moreover, lower nitrification rates may reduce soil acidification, which in alkaline soils may result in the prolongation of an elevated pH and a consequent increase in NH3 volatilization [40] . By contrast, a study showed that higher yields and N uptakes were associated with higher soil pH levels in rice systems [41] , and a higher increase in yield was also observed under a soil pH of >8 in our analysis ( Figure 7D ). 
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N Management Practices
Apart from climate and soil factors, N fertilizer management practices such as the number and timing of N applications and the type of fertilizer [6, 42] also influenced the wheat yield. Increased irrigation enhanced the leaching of soil nitrate-nitrogen [43] . Our results showed that the increased yield associated with a single N application was less than that associated with multiple applications under rainfed conditions ( Figure 9A ), while the yield was higher with a single versus multiple N applications under irrigated conditions ( Figure 9B ). Under rainfed conditions, crop responses to N fertilization depend heavily on soil water availability, in turn related to the amount and distribution of rainfall during the crop cycle; a split N application coinciding with rain distribution produced a greater effect on yield than a single N application [44] , and similar results were observed in Northwest and South China. Similarly, under irrigation, more nitrates may be leached with single versus split N application. In addition, the accumulation of nitrate-nitrogen in the 0-200-cm soil layers in much of China's farmland is the result of a long period of uninhibited use of N fertilizers [45] , and thus irrigation easily increased the risk of N leaching [46] . Applying N after anthesis produces a greater effect on yield in the Northwest China ( Figure 9C , Table 1 ), while a study indicated that late nitrogen uptake is less associated with yield improvements [47] , and no N application after anthesis significantly increased wheat yield as compared with N application after anthesis (Table 1) . It is considered that grain nitrogen (and therefore protein) yield is more source-limited than dry matter yield during grain growth [48] . As a result, the difference in effects of applying N after anthesis on wheat yield between this study and other studies may be related to the experimental environments. The controlled-release urea improved the yield in several production systems [49] , and this is consistent with our results ( Figure 9D , Table 1 ), as are reports on rice yield [50] .
Limitations
Although many variations were discussed in the present study, effects of N fertilizer on wheat yield are impacted by several factors that were not considered here as result of insufficient information. First, because grain yield responses to N fertilizer varied greatly from year to year, resulting from the variability in weather conditions, the interaction among all factors (e.g., climate, soil factors, and N management practices) should be examined. Second, the overuse of N fertilizer often results in the occurrence of lodging, pests, and diseases, which affect the yield-increasing effect of N fertilizer. Finally, it is necessary to note the importance of experimental site-dependent controls and site-specific effects.
Conclusions
In this study, we evaluated a range of agronomic and environmental factors affecting wheat yield and NUE under N fertilizer application in China. Our results indicated that N fertilizer had significant effects on the yield and NUE of wheat. The responses of wheat yield and NUE to N Figure 15 . Relationships between the lnR of yield and total N, available N, soil pH in the 0-20 cm soil layer. ns: not significant at p < 0.05.
N Management Practices
Limitations
Conclusions
In this study, we evaluated a range of agronomic and environmental factors affecting wheat yield and NUE under N fertilizer application in China. Our results indicated that N fertilizer had significant effects on the yield and NUE of wheat. The responses of wheat yield and NUE to N fertilizer varied by climate (i.e., precipitation and temperature), soil factors (soil texture, total N, available N, and pH), irrigation patterns, and N management practices in different regions of China. Consequently, a combination of approaches should be considered to promote N fertilizer use. This meta-analysis quantified the impact on wheat yield of N fertilizer based on the available scientific data, providing a basis for conducting synthesis analyses to support the development and improvement of N fertilizer wheat management under various conditions in China. Our results may be used as a basis for modeling the interactions among agronomic inputs, to quantify productivity gains and production costs for wheat, and to determine the optimum N fertilizer management practices.
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